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Delay-spread estimation using cyclic-prefix in
wireless OFDM systems
C.R.N. Athaudage and A.D.S. Jayalath
Abstract: A novel cyclic-prefix based delay-spread estimation technique for wireless OFDM
systems is proposed. In particular, the authors propose a technique for estimating the delays and
powers of multipath components when the channel is sparse, i.e. a few strong multipaths distantly
spaced in time, and a technique for estimating the RMS delay-spread when the channel has a large
number of sample-spaced multipath components. The proposed techniques are based on a
multiple-argument correlation function which exhibits change of gradient according to the delay
path arrival pattern, i.e delay times and powers. Numerical results demonstrate the accuracy of the
proposed techniques in estimating the relative timing and the power of delay paths for a sparse
multipath channel, and the RMS delay-spread for a sample-spaced multipath channel. Moreover,
the RMS delay-spread estimation can be used adaptively to operate theMMSE channel estimation
process in the OFDM receiver at near optimum.
1 Introduction
Orthogonal frequency division multiplexing (OFDM) has
become a prime candidate for future high-data-rate wireless
communication systems. It has been adopted for digital
broadcasting (DAB/DVB), xDSL, and wireless LAN
applications [1, 2]. OFDM, also known as multicarrier
modulation (MCM), incorporates a large number of
orthogonally selected subcarriers to transmit a high-data-
rate stream in parallel in the frequency domain. The
problem of intersymbol interference (ISI) introduced by a
multipath channel (this limits the bit rate of a conventional
single carrier system), is significantly reduced in OFDM due
the parallel data transmission through multiple carriers.
Also, the orthogonal nature of the subcarriers in OFDM
allows the subcarrier spectra to be densely packed in the
frequency domain (overlapping subcarrier spectra). At
the receiver, FFT processing realises the demodulation of
the data carried by individual subcarriers without any
intercarrier interference. Spectral efficiency and multipath
immunity are two major features of the OFDM technique.
In a wireless channel, the multipath environment (time-
dispersive channel) causes frequency-selective fading. Thus,
the OFDM subcarriers undergo different channel attenua-
tions, which have to be estimated at the receiver before data
detection. In pilot-symbol-assisted (PSA) techniques [3, 4]
channel estimation is performed by inserting pilot data at
regular intervals in subcarriers for each OFDM symbol.
First, channel estimation is performed at the pilot locations
using the known pilot data. Channel estimates at the
unknown data locations are obtained via an interpolation
technique. Linear, spline, and Gaussian filters have been
studied as interpolation techniques [5, 6]. For a chosen pilot
pattern, the optimal channel estimator in terms of minimum
mean square error (MMSE) is the two-dimensional Wiener
filter [7]. Wiener filtering or MMSE channel estimation
performs an optimal interpolation given the frequency
domain correlation function of the channel. The frequency-
domain correlation function Rf [l] characterises the fre-
quency selectivity of a wireless channel. Rf [l] shows the
correlation between the channel response at two subcarriers,
which are l-subcarriers apart in the OFDM spectrum. For a
wireless channel with an exponentially decaying multipath
power-delay profile, Rf [l] is given by [1]
Rf ½l ¼ 1
1þ j2ptrmsl=N ð1Þ
where, trms ¼ ~trms=Ts is the RMS delay spread relative to
the sampling interval Ts of the OFDM system and ~trms is
the absolute RMS delay spread of the channel. The total
number of subcarriers in the OFDM system is denoted by
N. For a multipath channel characterised by the discrete-
time impulse response
hðnÞ ¼
XI
i¼0
aidðn tiÞ
the trms is given by
trms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPI
i¼0 ðti  tÞ2jaij2PI
i¼0 jaij2
s
ð2Þ
where t is the mean excess delay defined as
t ¼
PI
i¼0 tijaij2PI
i¼0 jaij2
ð3Þ
where ai and ti are the complex amplitude (channel gain)
and the delay of the ith delay path, respectively. The total
number of paths is given by (I+1). As Rf ½l is a function of
trms, the accurate frequency-domain interpolation of the
channel response requires the knowledge of trms, which is
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normally a priori unknown. Therefore, it is customary to set
the value of trms in the channel interpolator to a likely value
(fixed) thus resulting in suboptimal channel interpolation
and equalisation. By way of example, Fig. 1 illustrates the
sensitivity of the frequency-domain channel correlation
function Rf [l] to the RMS delay spread trms. Thus, in a
wireless communication system, estimation of the channel
delay spread can be used to operate the channel interpola-
tion and equalisation process at near optimum [10].
A method of estimating the multipath parameters in a
sparse multipath fading channel is reported in [8]. This
method is based on ESPRIT (estimation of signal
parameters by rotational invariance technique), and re-
quires pilot subcarriers. An estimation technique for RMS
delay spread of the channel using frequency-domain level
crossing rate is reported in [9]. The accuracy of this
technique is affected (specifically for large trms) by some
approximations [9] made in the derivation. In contrast, this
paper presents a novel approach for estimating the delay
spread of a wireless channel using the cyclic-prefix of the
OFDM symbols. For a sparse multipath channel with a few
distantly spaced strong multipaths, the time delay and the
power of the individual paths can be estimated using the
proposed technique. When the channel has a large number
of closely spaced mulitpaths the RMS value of the power
delay spread ðtrmsÞ can be estimated with the proposed
technique. The key feature of the proposed approach for
delay spread estimation is that it uses the redundancy in the
OFDM signal introduced by the cyclic-prefix and requires
no pilot subcarriers as in [8].
2 Baseband OFDM model
The discrete baseband model of a standard CP-OFDM
system shown in Fig. 2 is incorporated in this paper. The
input serial bit stream is mapped to constellation symbols
employing a general phase and amplitude modulation
(PSK/QAM) scheme, and the resulting symbol stream is
blocked into N data vectors. The bth N 1 data vector
cb ¼ ½cbð0Þcbð1Þ . . . cbðN  1ÞT is multiplexed into N
carriers (sub-carriers) using the IFFT to give the time-
domain samples
sbðnÞ ¼ 1N
XN1
k¼0
cbðkÞ expðj2pN knÞ; 0  n  N  1 ð4Þ
where, sb ¼ ½sbð0Þsbð1Þ . . . sbðN  1ÞT is the bth time
domain OFDM block. A cyclic-prefix (CP) of length Ng
is appended in front of each block sb yielding a total of
N þ Ng time-domain samples per block, i.e. scpb ¼ ½sbðN
NgÞ . . . sbðN  1Þsbð0Þsbð1Þ . . . sbðN  1ÞT . The associated
samples of CP-OFDM blocks scpb , for b ¼ 0; 1; . . . ;1,
forms the discrete complex baseband OFDM signal s(n),
which is sequentially transmitted over the channel at a rate
of 1/Ts, where Ts is the sampling interval of the baseband
OFDM system.
The discrete complex-baseband OFDM signal r(n) at the
receiver for a single path channel (flat fading) can be given
as [12]
rðnÞ ¼ sðnÞ expðj2pne=NÞ þ gðnÞ ð5Þ
where, g(n) and e are the additive white Gaussian noise
(AWGN) and the frequency offset error (normalised using
the intercarrier spacing), respectively. For a multipath
channel, s(n) should be replaced by the multipath signal
pðnÞ ¼PIi¼0 aisðn tiÞ, giving
rðnÞ ¼
XI
i¼0
aisðn tiÞ
" #
expðj2pne=NÞ þ gðnÞ ð6Þ
where, ai and ti are the amplitude and the time delay of the
ith path, respectively. The total number of paths is given by
(I+1), i.e. the first arrival path and I delay paths.
3 Proposed technique
In this Section we provide details of the proposed CP based
delay spread estimation technique. In particular, we
propose:
(i) a technique of estimating the powers Efjaij2g and the
delays ti of the multipath components when the channel is
sparse, i.e. a few strong multipaths distantly spaced in time.
(ii) a technique for estimating the RMS delay spread when
the channel has a large number of sample-spaced multipath
components.
The proposed techniques are based on the ‘multiple-
argument correlation function’ GKM ðnÞ defined as
GKMðnÞ ¼
1
K
XK1
k¼0
XM1
m¼0
rðn kNt  mÞ
 rðn kNt  m NÞ ð7Þ
where, Ng ð1  M  NgÞ is the length of the cyclic-prefix of
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Fig. 2 Discrete baseband model of a standard CP-OFDM system
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OFDM blocks, and Nt ¼ N þ Ng is the total length of an
OFDM block. In (7), summation over index m indicates
addition of conjugate products of samplesN positions apart
for consecutive samples. This is similar to the correlation
function reported in [12, 13] for the purpose of time and
frequency synchronisation, where the summation is per-
formed over the length of the cyclic-prefix ðNgÞ. However,
in (7), this summation is performed for variable lengths of
1  M  Ng. Summation over the index k indicates the
addition of conjugate products of samplesN positions apart
for consecutive OFDM blocks (Nt ¼ N þ Ng samples). The
total number of OFDM blocks in the summation is K. This
is similar to the ensemble correlation function reported in
[10] for OFDM timing recovery. Therefore, we have
integrated both adjacent sample and adjacent symbol
averaging concepts in the correlation function GKM ðnÞ. Also,
GKM ðnÞ can be written as
GKM ðnÞ ¼
XM1
m¼0
HKðn mÞ ð8Þ
where,
HKðlÞ ¼ 1
K
XK1
k¼0
rðl kNtÞrðl kNt  NÞ ð9Þ
¼ 1
K
XK1
k¼0
JkðlÞ ð10Þ
where, JkðlÞ ¼ rðl kNtÞrðl kNt  NÞ is the conjugate
product of a sample pair N positions apart. Statistical
properties of the term JkðlÞ are independent of k as it
reflects OFDM block periodicity. Therefore, we consider a
symbol-independent term J(l) defined as
JðlÞ ¼ rðlÞrðl NÞ ð11Þ
In the next section we describe the proposed technique for a
simple two-path channel. Generalisation of the technique
for a sparse multipath channel is given in Section 3.2.
3.1 Two-path channel
In this Section we consider a wireless channel with only two
paths to demonstrate the use of the correlation function
GKM ðnÞ for delay-path estimation. For the two-path case the
multipath signal p(n) and the received signal r(n) become
pðnÞ ¼ sðnÞ þ asðn tÞ ð12Þ
and
rðnÞ ¼ sðnÞ þ asðn tÞ½  expðj2pne=NÞ þ gðnÞ ð13Þ
respectively, where a and t are the complex amplitude and
the time delay of the second path relative to the first path.
Figure 3 shows the received two-path OFDM signal p(n).
Consider the first arrival path as the reference and n¼ 1 and
n¼N+Ng as the time index values corresponding to the
first and last samples of an OFDMblock, respectively. Note
that cyclic-prefix (CP) comes before the data portion of the
OFDM block. Therefore, fnj1  n  Ngg is the CP and
fnjNg þ 1  n  N þ Ngg is the data part of the OFDM
symbol. In the context of a two-path channel with the
second path having a relative delay of t samples, we identify
four distinct regions within an OFDM block:
R0 ¼ fnjN þ tþ 1  n  N þ Ngg; R1 ¼ fnjN þ 1 
n  N þ tg; R2 ¼ fnjtþ 1  n  Ng; and R3 ¼ fnj1 
n  tg. The expected value EfJðlÞg can be evaluated for
l 2 Ri, where 0  i  3, using the following statistical
properties of the OFDM signal and AWGN noise.
Efsðn1Þsðn2Þg ¼
s2s ; if n1 ¼ n2
s2s ; if n1  n2 ¼ N and n1 2 R0 [ R1
s2s ; if n2  n1 ¼ N and n2 2 R0 [ R1
0; otherwise
8><
>>:
ð14Þ
Efsðn1Þgðn2Þg ¼ Efgðn1Þsðn2Þg ¼ 0; 8n1; n2 ð15Þ
Efgðn1Þgðn2Þg ¼ s
2
n; if n1 ¼ n2
0; if n1 6¼ n2

ð16Þ
where s2s and s
2
n are the variances of OFDM signal samples
s(n) and noise samples g(n), respectively. The property (14)
is true since the OFDM signal is wideband [13]. Using the
above properties (14)–(16) it can be shown that (see the
Appendix, Section 8.1)
EfJðlÞg ¼
ð1þ mÞs2s expðj2peÞ l 2 R0
s2s expðj2peÞ l 2 R1
0 l 2 R2
ms2s expðj2peÞ l 2 R3
8>><
>: ð17Þ
where m ¼ Efjaj2g is the power of the second path. As can
be seen from (10), for sufficiently large K, the HKðlÞ can be
approximated by EfJðlÞg.
HKðlÞ ’ EfJðlÞg ð18Þ
As given in (8), GKM ðnÞ is the sum of HKðlÞ for M
consecutive samples, nM þ 1 to n. The magnitude of
GKM ðnÞ for n ¼ T (i.e. jGKM ðT Þj) contains vital information
on multipath components, where n ¼ T ¼ N þ Ng is the
last sample for a given OFDM block (i.e. block timing).
The OFDM block timing T can be estimated for each
symbol using the CP-based time synchronisation technique
reported in [12, 13] as
T^ ¼ argmax
n
jGK¼1Ng ðnÞj ð19Þ
Figure 4 shows the plot of jGKM ðT Þj against M as K !1.
The relative delay ðtÞ and the power m of the second path in
the two-path channel can be estimated observing jGKM ðT Þj
as a function of M, where 1  M  Ng. As can be seen
CP
CP
R3 R2
Ng
R1 R0
delay
N
first path
second path
Fig. 3 Received two-path OFDM signal
 
 
 M
M = Ng − 
G
   
(T
)
MK
0 N g
γ1 = (1 + )2
γ0 = 2
s
s
•
•
Fig. 4 Plot of jGKM ðT Þj against M as K !1, for the two-path
channel scenario
g0 and g1 are gradients of jGKM ðT Þj for segments Ng  t  M  Ng and
1  M  Ng  t, respectively
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from Fig. 4, the plot of jGKM ðT Þj againstM shows a change
of gradient (i.e. a knee-point) at M ¼ Ng  t. The relative
power m of the second path can be estimated as
m^ ¼ g1
g0
 1 ð20Þ
where, g0 ¼ s2s and g1 ¼ ð1þ mÞs2s are the gradients of
jGKM ðT Þj for the segments Ng  t  M  Ng and
1  M  Ng  t, respectively. For finite K the line
segments in Fig. 4 are not perfectly straight, thus the
knee-point ðM ¼ Ng  tÞ and the gradients g0 and g1
should be estimated using a best-fitting criterion.
3.2 Sparse multipath channel
In this Section, we extend the basic delay-path estimation
technique developed for a two-path channel to a sparse
multipath channel. Consider a multipath channel with the
impulse response hðnÞ ¼PIi¼0 aidðn tiÞ consisting of
I+1 paths (first arrival path and I delay paths), where
I5Ng. Without loss of generality, it is assumed that a0¼ 1
and t0 ¼ 0 (i.e. the first arrival path is the reference for
delay and magnitude estimations), and 0ot1ot2yo
tIoNg. For the multipath channel it can be shown that
the plot of jGKM ðT Þj, for 1  M  Ng, consists of I þ 1
straight line segments as K !1. The ranges Mi and the
gradients gi of the line segments are given by
Mi ¼ Ng  tiþ1  M  Ng  ti
 
; 0  i  I ð21Þ
where tIþ1 ¼ Ng  1, and
gi ¼
Xi
n¼0
mns
2
s ; 0  i  I ð22Þ
respectively, where, mi ¼ Efjaij2g. For a finite K the plot of
jGKM ðT Þj will not consist of perfectly straight line segments.
The knee-points Ng  ti, where 1  i  I , in the plot of
jGKM ðT Þj defining the boundaries of the regions Mi can be
determined using the following best fitting criterion:
T ¼ arg min
t1;t2;...;tI
XI
i¼o
Cerr jGKMðT Þj
Mi   ð23Þ
where, T ¼ t^1; t^2; . . . ; t^If g, and
g^i ¼ Cgrad jGKM ðT Þj
M^in o 	; 0  i  I ð24Þ
where, M^i ¼ Ng  t^iþ1  M  Ng  t^i
 
, for 0  i  I .
The function Cgradðf:gÞ denotes the gradient of the best
fitting (minimum mean-square-error) straight line segment
to the data set given in the argument. The associated
squared-error of fitting is given by Cerrðf:gÞ. The powers mi
of the delayed paths can be estimated using (22) and (24) as
m^i ¼
g^i  g^i1
g^0
; 1  i  I ð25Þ
The computational complexity of this technique is mainly
associated with the optimisation task given in (23).
However, as (23) involves a sequential decision-making
process with respect to the cost functionCerrðf:gÞ, it can be
solved computationally efficiently using the Viterbi search
algorithm [11]. Since the technique is based on knee-point
detection in the plot of jGKM ðT Þj, the multipath components
are expected to be sufficiently spaced in time with large
enough magnitudes. The accuracy of the technique is
expected to degrade for closely spaced and weak (in
magnitude) multipath components.
3.3 Sample-spaced channel (RMS delay-
spread estimation)
In this Section we first extend the characteristics derived for
the correlation function jGKM ðT Þj to the case of a sample-
spaced multipath channel with a large number of delay
paths. Consider a multipath channel with the response
hðnÞ ¼
XNg1
i¼0
aidðn iÞ
consisting of Ng paths (first arrival path and Ng  1 delay
paths). Figure 5 illustrates the impulse response of the
channel. For this channel the plotting of jGKM ðT Þj, for
1  M  Ng, consists of Ng line segments (with each
segment consisting of only two points) as K !1. The
ranges Mi and the gradients gi of the line segments are
given by
Mi ¼ Ng  i 1  M  Ng  i
 
; 0  i  Ng  1 ð26Þ
and
gi ¼
Xi
n¼0
mns
2
s ; 0  i  Ng  1 ð27Þ
respectively, where mi ¼ Efjaij2g, for 0  i  Ng  1, is the
multipath power spread of the channel. It was shown earlier
that the correlation function jGKM ðT Þj can be utilised to
estimate the powers and delays of the multipaths when the
channel consists of only a few strong multipath compo-
nents. However, for a sample-spaced channel with a large
number of delay paths, estimation of the power of
individual delay paths becomes difficult. This is due to the
fact that estimation of the gradients gi using the two-point
line segments in (26) is almost impossible for finite K.
Therefore, it is more appropriate to estimate a single-valued
descriptor of the channel power delay spread, i.e. the RMS
delay spread trms. We formulate a technique for estimating
trms as follows.
Consider a wireless channel with an exponentially
decaying multipath power delay profile. Such a channel is
characterised by [1]
mi ¼ expði=trmsÞ; for 0  i  Ng  1 ð28Þ
where, trms is the RMS delay spread normalised by the
OFDM sampling interval Ts. Therefore, gi in (27) can be
expressed as
gi ¼ s2s
Xi
j¼0
expðj=trmsÞ
¼ s2s
1 riþ1
1 r

 
; where r ¼ exp ð1=trmsÞ ð29Þ
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Fig. 5 Impulse response of sample-spaced multipath channel
consisting of Ng paths (first arrival path and Ng1 delay paths)
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Let jGM ðT Þj ¼ limK!1 jGKM ðT Þj, for 1  M  Ng. Then
using (26) and (29), jGM ðT Þj can be expressed as
jGMðT Þj ¼
XNg1
i¼NgM
gi; for 1  M  Ng ð30Þ
In the Appendix, Section 8.2, it is shown that
jGM ðT Þj ¼ s2s
M
ð1 rÞ þ
rNgþ1ð1 rM Þ
ð1 rÞ2
" #
ð31Þ
where, 1  M  Ng. Figure 6 shows the typical form of
jGM ðT Þj for different trms values. The proposed technique
estimates trms (or r ¼ expð1=trmsÞ) by searching for the
value of trms that minimises the mean-squared-error
(MMSE) between fjGMðT Þj; 1  M  Ngg and its ob-
served values fjGKM ðT^ Þj; 1  M  Ngg, for some large K.
This MMSE criterion can be given as
r^ ¼ arg min
0rrmax
EmseðrÞ ð32Þ
where
EmseðrÞ ¼ 1Ng
XNg
M¼1
jGM ðT Þj  jGKMðT^ Þj
 2 ð33Þ
For an OFDM system, rmax can be set to rmax ¼
expð1=NgÞ as trms is expected to be well below the
cyclic-prefix length Ng. Equations (32) and (33) represent a
scalar bounded nonlinear function minimisation problem,
which can be solved using a technique such as the steepest
descent (gradient method) or golden ratio search [14].
4 Performance evaluation
Computer simulations were performed to determined the
accuracy of the proposed delay path parameter (power and
delay) estimation technique, and the RMS delay spread
estimation technique for wireless OFDM systems. In this
Section, details of the simulated systems and the numerical
results obtained are presented.
4.1 Power and delay estimation (sparse
channel)
An OFDM system with a sparse multipath channel was
simulated for the performance evaluation of the proposed
power and delay estimation technique described in Section
3.2.
4.1.1 System parameters: The OFDM system and
the channel parameters are as follows:
 Total number of OFDM subcarriers N ¼ 512.
 Cyclic-prefix length Ng ¼ 64 samples.
 Each OFDM subcarrier is modulated using random data
from a 16-QAM constellation.
 The sparse wireless channel has the power significant
paths, i.e.
hðnÞ ¼
X2
i¼0
aidðn tiÞ
The path delays are t0 ¼ 0, t1 ¼ 16, and t2 ¼ 32 samples.
The delay path powers are m0 ¼ Efja0j2g ¼ 1, m1 ¼ E
fja1j2g ¼ 0:64, and m2 ¼ Efja2j2g ¼ 0:25. The amplitudes
ai of each path vary independently of the others according
to a Rayleigh distribution. Phase shift on each path is
uniformly distributed over ½0; 2pÞ.
 Normalised frequency offset set to e ¼ 0:3.
 ML synchronisation [12, 13] used to estimate–OFDM
block timing T.
 Average channel signal-to-noise ratio (SNR) range of 0–
25dB at steps of 5dB, where SNR ¼ EfjpðnÞj2g=
EfjgðnÞj2g.
4.1.2 Numerical results: The time delays ðtiÞ and
powers ðmiÞ of the delay paths were estimated using the
proposed technique described in Section 3.2 for K¼ 64,
K¼ 128, and K¼ 256. For each SNR value estimates of the
delays and powers were obtained over 4096 OFDM blocks.
The RMS error of the delay ti was calculated by taking the
square-root of the average of ðti  t^iÞ2 over the total
number of OFDM blocks. The mean-square-error of the
power mi was calculated by averaging ðmi  m^iÞ2 over the
total number of OFDM blocks. Figure 7 shows the RMS
error of t1 and t2 against the SNR. The mean-square-error
of m1 and m2 against the SNR are shown in Fig. 8. As can be
seen from Figs. 7 and 8, the estimation error decreases with
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increasingK. Also, the estimation error for time and delay is
relatively smaller for strong delay paths than for weaker
delay paths. With the proposed technique, the desired
accuracy for the delay and power estimation can be
achieved by arbitrarily increasing the value of K. It should
be noted that the analysis in Section 3.2 shows that the
estimation error approaches zero as K !1.
4.2 RMS delay-spread estimation (sample-
spaced channel)
An OFDM system with a sample-spaced multipath channel
(large number of delay paths) was simulated for the
performance evaluation of the proposed RMS delay-spread
estimation technique described in Section 3.3.
4.2.1 System parameters: The OFDM system and
channel parameters are as follows:
 Total number of OFDM subcarriers N¼ 512.
 Cyclic-prefix length Ng¼ 64 samples.
 Each OFDM subcarrier modulated using random data
from a 16-QAM constellation.
 Wireless channel has Ng paths, with path delays 0; 1; . . . ;
Ng  1 samples. The amplitude ai of each path varies
independently of the others, according to a Rayleigh
distribution with an exponential power-delay profile
mi ¼ Efjaij2g ¼ expði=trmsÞ; for i ¼ 0; 1; . . . ;Ng  1
where, the RMS delay spread was set to trms ¼ 10:5
samples. Phase shift on each path is uniformly distributed
over ½0; 2pÞ.
 Normalised frequency offset e ¼ 0:3.
 Average channel signal-to-noise ratio (SNR) range of
0–25dB at steps of 5dB was selected, where SNR ¼
EfjpðnÞj2g=EfjgðnÞj2g.
4.2.2 Numerical results: The RMS delay spread
ðtrmsÞ of the channel was estimated using the proposed
technique described in Section 3.3 for K¼ 64 and K¼ 128,
each over a total of 4096 OFDM symbols for each
SNR value. The two cases (i) perfect synchronisation,
and (ii) ML synchronisation [12, 13] were simulated
separately for performance evaluation. For the perfect
synchronisation case the OFDM receiver was assumed to
know the perfect OFDM block timing T. For the case
with ML synchronisation estimates of OFDM block timing
T^ were obtained at the receiver using (19). The RMS error
of trms was calculated by taking the square-root of the
average of ðtrms  t^rmsÞ2 over the total number of OFDM
blocks. Figure 9 shows the plot of RMS error of
RMS delay spread ðtrmsÞ against average channel SNR
for K¼ 64 and K¼ 128. Results for the two cases (i) perfect
synchronisation and (ii) ML synchronisation, are
shown. Figure 10 shows the estimated trms trajectory
against the OFDM block number for a time segment
containing 300 OFDM blocks for the case of ML
synchronisation with K¼ 128 and SNR¼ 20dB. As can
be seen from Fig. 9, for K¼ 64, high channel SNR values
(SNR415dB) result in an RMS error in trms of
approximately 2 samples. Perfect synchronisation can
improve the RMS error to approximately 1.3 samples.
For K¼ 128 the RMS error of trms is approximately 1.4
samples for high channel SNR values. Perfect synchronisa-
tion can reduce this RMS error to approximately 0.8
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samples. Further reduction of the estimation error is
possible by increasing the value of K. As described earlier,
estimation of the channel trms to this accuracy can be used
to operate the MMSE channel estimator of the OFDM
receiver at near optimum.
5 Conclusions
In this paper, a novel cyclic-prefix based delay-spread
estimation technique for wireless OFDM systems has
been presented. A multiple-argument correlation function
was defined taking into account both adjacent sample
and adjacent block averaging concepts. It was shown
that in a sparse multipath channel the change of gradient
(knee-point) of the correlation function is indicative of a
delayed arrival path. The timing and power information
in the delay paths can be determined by estimating the
knee-point locations and the gradients of the associated
linear segments of the correlation function. It was shown
that the accuracy of the proposed technique increases as
the number of adjacent OFDM blocks K, over which
averaging is performed, is increased. Using the proposed
technique the delay path information in the channel can be
accurately and adaptively estimated. When the channel is
sample-spaced with a large number of multipaths, the
proposed technique can be extended to estimate the
RMS delay spread of the channel. This RMS delay-spread
estimation technique can be used to operate the MMSE
channel estimation process at the OFDM receiver at near
optimum. Slowly varying channel statistics allowing
adequate adjacent block averaging (i.e. sufficiently large
K) are the best situations in which the proposed
delay-spread estimating technique can be applied. This
includes broadcast systems such as digital audio and video
(DAB/DVB) and burst oriented packet systems such
wireless LANs having a sufficient number of OFDM
blocks (K) per burst for averaging.
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8 Appendix
8.1 Derivation of (17)
From (11) and (13), the J(l) can be expressed as
JðlÞ ¼ rðlÞrðl NÞ
¼ sðlÞ þ asðl tÞ½ exp j2ple
N
 
þ gðlÞ
 


sðl NÞ þ asðl N  tÞ½ 
 exp j2pðl NÞe
N
 
þ gðl NÞ

Therefore,
EfJðlÞg ¼ E sðlÞ þ asðl tÞ½ sðl NÞf
þ asðl N  tÞg expðj2peÞ
¼ EfsðlÞsðl NÞg
þ Efjaj2gEfsðl tÞsðl N  tÞg
 expðj2peÞ
Depending on the location of l with respect to the OFDM
block structure, the EfJðlÞg becomes:
Case 1: If l 2 R0, then EfsðlÞsðl NÞg ¼ s2s and
Efsðl tÞsðl N  tÞg ¼ s2s , therefore EfJðlÞg ¼
ð1þ mÞs2s expðj2peÞ, where m ¼ Efjaj2g.
Case 2: If l 2 R1, then EfsðlÞsðl NÞg ¼ s2s and
Efsðl tÞsðl N  tÞg ¼ 0, therefore EfJðlÞg ¼
s2s exp ðj2peÞ.
Case 3: If l 2 R2, then EfsðlÞsðl NÞg ¼ 0 and
Efsðl tÞsðl N  tÞg ¼ 0, therefore EfJðlÞg ¼ 0.
Case 4: If l 2 R3, then EfsðlÞsðl NÞg ¼ 0 and
Efsðl tÞsðl N  tÞg ¼ s2s , therefore EfJðlÞg ¼
ms2s exp ðj2peÞ.
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8.2 Derivation of (31)
From (29) and (30), the jGM ðT Þj can be expressed as
jGMðT Þj ¼ s2s
XNg1
i¼NgM
1 riþ1
1 r

 
¼ s
2
s
ð1 rÞ M 
XNg1
i¼NgM
riþ1
 !
¼ s
2
s
ð1 rÞ M 
XM1
l¼0
rlþNgMþ1
 !
¼ s
2
s
ð1 rÞ M  r
NgMþ1 1 rM
1 r

  
¼ s2s
M
ð1 rÞ þ
rNgþ1ð1 rM Þ
ð1 rÞ2
" #
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